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The mechanisms controlling the activity of NADPH oxidase 5 (Nox5) are unique in that they are independent of the protein: protein interactions that coordinate the activation of other Nox isoforms. Instead, the primary driving force for Nox5 activity is calcium. However, in a previous study we reported that the protein kinase C (PKC)-agonist PMA could induce a sustained activation of Nox5 that was independent of calcium changes. This apparent calcium-independent activation was found to be mediated by the PKC-dependent phosphorylation of specific serine and threonine residues on Nox5 which increased the calcium sensitivity of the enzyme and enabled activation at resting levels of calcium. However, the specific kinase(s) mediating the phosphorylation and activation of Nox5 are not known. As PKC can activate the MEK/ERK1/2 signaling pathway, we hypothesized that Nox5 is activated by the coordinated phosphorylation of both MAPK and PKC pathways. The inhibition of MEK1 using PD-98059 and U-0126 significantly reduced the phosphorylation and activity of Nox5 in response to PMA but not to the calcium-mobilizing stimulus ionomycin. Dominant negative MEK1 and knockdown of endogenous MEK1/2 using a specific small interfering RNA also inhibited Nox5 activity in response to PMA. The mutation of S498 to a nonphosphorylatable residue and to a lesser degree T494 blocked the ability of ERK to stimulate Nox5 activity. However, a constitutively active form of MEK1 failed to increase Nox5 activity in the absence of PMA stimulation. These results suggest that the MEK/ ERK1/2 pathway is necessary but not sufficient to regulate the PMA-dependent activation of Nox5.
reduced nicotinamide adenine dinucleotide phosphate oxidase 5; reactive oxygen species; protein kinase C; mitogen-activated protein kinase REACTIVE OXYGEN SPECIES (ROS) are important contributors to cellular physiology and participate in intracellular signaling, proliferation, migration, and vascular reactivity (1, 27, 39, 45) . The aberrant production of ROS, including superoxide and hydrogen peroxide, is commonly observed in diseases such as cancer, inflammation, hypertension, and diabetes and occurs alongside disturbances in cell and organ function (32) . Thus the signaling mechanisms that coordinate the appropriate production of ROS at the right time and location are very important in our understanding of the mechanisms underlying the control of ROS production in physiological and pathophysiological states.
The NADPH oxidases (Nox) comprise a family of proteins that are a major source of ROS production in mammalian cells (7) . There are seven related Nox enzymes that have been designated: Nox1-5 and dual oxidase 1 and 2. All are membrane-bound proteins that span the membrane six times. They contain two centrally coordinated nonidentical heme residues and COOH-terminal regions with FAD-and NADPH-binding domains. The catalysis originates with the transfer of electrons from NADPH via a flavin domain to the heme residues and, ultimately, to molecular oxygen to produce superoxide (28) . The control of electron flow and thus ROS production are achieved by interactions of Nox subunits with other proteins, phosphorylation, and the elevation of intracellular calcium (7) .
Nox2 is the best characterized of the Nox family. It is predominantly expressed in phagocytes such as macrophages and neutrophils (40) , and its activity can be regulated by the interactions between the membrane-bound subunit p22 phox and several cytoplasmic subunits including p47 phox , p40 phox , p67 phox , and the small G proteins Rac and Rap1a. The production of ROS is initiated by the phosphorylation of p47 phox and the subsequent translocation of cytosolic subunits (7, 48) . The mechanism for the activation of Nox1 and -3 are analogous and involve both phosphorylation-dependent events and changes in protein: protein interactions (4, 5, 11, 12) . However, unlike Nox1-3, both Nox4 and Nox5 do not require cytosolic subunits for their activation. Nox4 has been shown to be a constitutively active (CA) enzyme and is found bound to the integral membrane protein p22 phox (35) , whereas Nox5 is primarily regulated by calcium (6, 20) .
Nox5 was originally described as a gene expressed in testis, spleen, and lymph nodes (6) . However, it has been subsequently found to be expressed in other tissues including blood vessels and vascular smooth muscle (23, 25, 36) , and the expression of Nox5 is increased in diseased blood vessels (23) . When Nox5 is compared with the other Nox isoforms, considerably less is known about the functional significance of Nox5 as it present in the genomes of human and other species but has been lost from rodent genomes (mice and rats), which have become our primary models for experimentation (28) . The basic transmembrane structure of Nox5 is similar to that described for the other Nox isoforms, but what distinguishes Nox5 is a unique amino terminus that encodes four calciumbinding EF-hands (6, 7) . The elevation of intracellular calcium is sensed by the EF-hands, which then trigger an intramolecular conformational change that facilitates electron flow and superoxide production. While calcium is absolutely required for Nox5 activity, discrepancies between the amount of calcium needed to initiate ROS production versus that measured inside cells led to the discovery by our laboratory and others that the calcium sensitivity of Nox5 can be modified by the specific phosphorylation of serine/threonine residues (24, 44) . The activator of protein kinase C (PKC), phorbol 12-myristate 13-acetate (PMA), elicits a robust slow and sustained production of superoxide from Nox5 without modifying cellular calcium levels. This is achieved via increased calcium sensitivity through the phosphorylation of T494 and Ser498 (24) . However, the kinase(s) that regulate Nox5 activity are unknown and may not necessarily be PKC isoforms.
While PMA is widely considered to selectively activate PKC isoforms, an important but underappreciated ability of PKC is to further activate members of the mitogen-activated protein kinase (MAPK) family such as extracellular signal-regulated kinase 1 and 2 (ERK1/2) (29, 42) . MAPKs are Ser/Thr kinases that are comprised of three major groups: the ERK1/2, the c-Jun NH 2 -terminal kinase, and p38 MAPK (9) . The prototypical MAPK pathway is the ERK1/2 pathway, which is classically activated by the GTPase Ras via a series of MAPKs Raf-MEK1/2-ERK1/2 (9). MAPK pathways have been shown to play important roles in intracellular signaling in response to Nox-derived ROS. For example, in vascular smooth muscle cells (VSMCs) and cardiac myocytes, ROS derived from the angiotensin II stimulation of Nox isoforms causes increased contraction (17, 47) and endothelial dysfunction via MAPK activation (33) . Interestingly, the activation of both the ERK1/2 signaling pathway and Nox5 (25) have been reported to promote cellular proliferation. Despite this close relationship between ROS and MAPK, the ability of MAPK pathways to regulate ROS output via a direct effect on Nox enzymes or influence Nox5 activity has not yet been reported. In the present study, we show that MAPK mediates the direct activation and phosphorylation of Nox5 via the MEK1-ERK1/2 pathway.
MATERIALS AND METHODS
Cell culture and transfection. COS-7 cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen) containing L-glutamine, penicillin, streptomycin, and 10% (vol/vol) fetal bovine serum (FBS). COS-7 cells were transfected with Lipofectamine 2000 (Invitrogen). Negative control, MEK1 and MEK2 small interfering RNA (siRNA) were obtained from Qiagen, and HEK293 cells were transfected using Effectene. The siRNA used were experimentally verified sequences obtained from Qiagen (31) and checked for homology to all other sequences of the genome using a nonredundant database and designed with HP OnGuard that provides asymmetry (43), 3=-UTR/ seed region analysis (21) , single nucleotide polymorphism avoidance, and interferon motif avoidance (26) . Human aortic VSMCs (HAVSMCs) were obtained and cultured in SmBM media from Lonza.
DNA constructs. Hemagglutinin (HA)-Nox5, T494A and S498A Nox5 mutants, and aequorin have been previously described (13, 24) . HA-tagged wild-type (WT) MEK1, dominant negative (DN) MEK1 (K97R) CA-MEK1 (S218D), HA-tagged WT and DN-ERK2 (K52R) were generated by PCR. All constructs were verified by bidirectional sequencing.
Immunoprecipitation and immunoblotting. COS-7 cells were lysed in lysis buffer (4°C) containing 50 mM Tris·HCl (pH 7.4), 100 mM NaF, 15 mM Na 4P2O7, 1 mM Na3VO4, 1% vol/vol Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml pepstatin A, and 5 g/ml aprotinin. Lysates were centrifuged at 10,000 g to concentrate insoluble material. Nox5 was extracted from detergent-resistant microdomains by the addition of 1% SDS and subsequently diluted 1:10 in lysis buffer. Protein extracts were precleared by incubation with protein A/G-agarose for 2 h at 4°C with rocking. Agarose beads were then pelleted by centrifugation at 1,000 g. HA-Nox5 in precleared lysates was immunoprecipitated by incubation with preconjugated agarose: anti-HA antibody overnight at 4°C with rocking. Immunoprecipitated proteins were eluted from the beads by boiling for 5 min in 2ϫ sample buffer. Immunoprecipitates or cell lysates were immunoblotted with various antibodies as detailed within the experimental protocols.
Measurement of ROS. COS-7 cells were transfected with cDNAsencoding Nox5 or control plasmids (green fluorescent protein, red fluorescent protein, or lacZ), and 24 h later cells were replated into white tissue culture-treated 96-well plates (ThermoLabsystems) at a density of ϳ5 ϫ 10 4 cells per well. The cells were incubated at 37°C in phenol-free DMEM (Sigma) containing 400 M of the luminol analog L-012 (Wako) for a minimum of 20 min before the addition of agonists (10, 24) . Luminescence was quantified over time using a POLARstar OPTIMA (BMG Labtech). The specificity of L-012 for ROS was confirmed by transfecting cells with a control plasmid such as green fluorescent protein or lacZ or by coincubation of a superoxide scavenger such as Tiron (5 mM). Both of these interventions yielded virtually undetectable levels of luminescence under control-, PMA-, or ionomycin-stimulated conditions (10, 24) . Superoxide was also measured using the cytochrome-c assay. COS-7 cells expressing Nox5 were incubated in phenol-free DMEM (Sigma-Aldrich) in the presence and absence of superoxide dismutase (Sigma-Aldrich). Acetylated cytochrome-c was added at a concentration of 1 g/ml, and 20 min later the supernatants were transferred to a POLARstar OPTIMA (BMG Labtech). Superoxide was quantified as the superoxide dismutase-sensitive increase in absorbance at (550 -540 nM).
Isolated Nox5 activity assay. COS-7 cells coexpressing Nox5 and HA-ERK2 were lysed in MOPS (30 mM, pH 7.2, 4°C)-based buffer containing KCl (100 mM), Triton (0.3%), and protease inhibitors (Sigma). Adherent cells were gently rocked, the lysis buffer was aspirated, and the cells were then washed three times with PBS (4°C). The remaining cytoskeletal fractions were resuspended in the above MOPS buffer, sonicated at low power (setting 2, 5 ϫ 1-s bursts, Fisher Scientific Sonic Dismembrator), and spun down at 10,000 g at 4°C. The supernatant was then aspirated and the pellet was resuspended in MOPS buffer with mild sonication (setting 2, 5 ϫ 1-s bursts). The cell-free extract was aliquoted into buffers containing L-012 (400 M), 1 mM MgCl 2, 100 M FAD (Sigma), and 100 nM of free calcium. The concentration of free calcium was obtained using the molecular probes calcium-calibration kit (K2EGTA, CaEGTA, 100 mM KCl, and 30 mM MOPS, pH 7.2) as previously described (24) . After a brief period of equilibration, reduced NADPH (Sigma) was injected to a final concentration of 100 M and the production of ROS was monitored over time.
Calcium measurements. Changes in the intracellular calcium concentration in response to either ionomycin or PMA were measured using aequorin in COS-7 cells in response to either ionomycin or PMA. COS-7 cells were transfected with cytosolic aequorin, and 48 h later the aequorin was activated by incubating the cells in Ca 2ϩ -free DMEM (Biosource) containing 5 M coelenterazine (Sigma) for 1 h. The loading media was then replaced with calcium-replete media before cell stimulation (13) .
Statistics. All statistical analyses were performed using Instat software and were made using a two-tailed Student's t-test or ANOVA with a post hoc test where appropriate. Differences are considered significant at P Ͻ 0.05.
RESULTS

PMA induces ERK1/2 phosphorylation.
We first investigated whether the activator of PKC, PMA, could influence the phosphorylation of ERK1/2. As shown in Fig. 1A , PMA (100 nM) induced a robust and significant increase in the phosphorylation of ERK1/2 in serum-starved COS-7 cells. FBS (20%) was used as a positive control and also robustly activated ERK1/2. To assess the time course of ERK1/2 activation, COS-7 cells were exposed to PMA for 0, 5, 10, 20, 40, and 60 min. As shown in Fig. 1B , the activation of ERK1/2 occurred rapidly (5 min) and phosphorylation was sustained over 60 min. The concentration of PMA required to activate ERK1/2 was low with 3 nM eliciting near maximal activation (Fig. 1C) .
Activation of MEK1 and ERK1/2 is necessary for the PMAdependent activation of Nox5. To determine whether ERK1/2 participates in the activation of Nox5 by PMA, we next measured superoxide production in COS-7 cells expressing Nox5 using L-012. As shown in Fig. 2A , PMA induced a large and sustained increase in superoxide production that was not present in cells expressing a control plasmid (lacZ) instead of Nox5. The PMA-dependent increase in superoxide was also completely reversed with supplemental superoxide dismutase (Fig. 2B) . Increased superoxide production in response to the calcium ionophore, ionomycin, was also observed only in cells expressing Nox5 (Fig. 2C) and absent in control-transfected cells. To assess the role of MEK-ERK pathway in PMAdependent activation of Nox5, COS-7 cells expressing Nox5 were stimulated with PMA (100 nM) in the presence and absence of a pharmacological inhibitor of MEK1 (intermediary kinase in MAPK pathway, 20 M PD-98059). As shown in Fig. 2D , the MEK1 inhibitor significantly reduced superoxide production from Nox5, suggesting that ERK1/2 participates in Nox5 phosphorylation and superoxide production. To determine the specificity of PD-98059 for PMA-dependent activation, we next assessed whether it influences the response to ionomycin, which activates Nox5 exclusively via the elevation of calcium and does not induce a change in its phosphorylation state (24) . As shown in Fig. 2E , PD-98059 did not affect ionomycin-stimulated superoxide production. Equivalent results were obtained with the structurally dissimilar MEK1/2 inhibitor U-0126 (10 M, data not shown). To confirm these results using a different method to measure superoxide levels, we next employed the cytochrome-c assay. The specificity of this assay is shown in Fig. 2F , where the increased absorbance of cytochrome-c in COS-7 cells expressing Nox5 is reversed by the presence of supplemental superoxide dismutase. The pretreatment of cells with PD-98059 significantly attenuated the PMA-dependent increase in superoxide production as determined using cytochrome-c reduction (Fig. 2G) . In Fig. 1A , we showed that FBS was more efficacious than PMA in stimulating the phosphorylation of ERK1/2. To assess whether FBS can activate Nox5, COS-7 cells were transfected with Nox5 and then serum starved (0.1% FBS) for 12 h. Cells were then exposed to 20% FBS, and superoxide was measured using L-012. As shown in Fig. 2H , PMA, but not FBS, was able to activate Nox5.
Active MEK1 is necessary but not sufficient for the PMAdependent phosphorylation and activation of Nox5. We next assessed whether the pharmacological inhibition of MEK1/2 with PD-98059 modulates the phosphorylation of Nox5 at the activating phosphorylation site S498. As shown in Fig. 3A , PMA robustly phosphorylated Nox5, and this was significantly attenuated in cells pretreated with the MEK1 inhibitor PD-980589.
As pharmacological inhibitors may have unintended nonspecific effects, we next generated WT, DN (K97R), and CA-MEK1 (S218D). These mutants were cotransfected together with Nox5 in COS-7 cells. We first confirmed the effectiveness of DN and CA mutations of MEK1 by Western blot analysis for phosphorylated ERK1/2. As shown in Fig. 3B , the expression of CA-MEK1 greatly increased ERK1/2 phos- phorylation, WT-MEK1 slightly increased ERK1/2 phosphorylation, and DN-MEK1 did not modify basal ERK1/2 phosphorylation. Similar results were found with regard to the ability of MEK1 mutants to alter the PMA-dependent phosphorylation of Nox5 on S498 with the CA-MEK1 increasing the phosphorylation of Nox5 to the greatest extent, and no change was observed from cells cotransfected with the DN-MEK1 (Fig. 3C) . To assess the effects of these mutants on Nox5 activity, we measured superoxide in COS-7 cells coexpressing DN-MEK1 or CA-MEK1 with Nox5. As shown in Fig. 3D, DN-MEK1 significantly reduced PMA-stimulated superoxide production. In contrast, the coexpression of CA-MEK1 did not increase basal or unstimulated Nox5 activity (Fig. 3E) , suggesting that active MEK1 alone is not sufficient to activate Nox5.
Endogenous MEK is necessary for PMA-stimulated Nox5 activity. After observing a decrease in Nox5 activity due to the inhibition of MEK1 activity using a DN construct, we next wanted to determine whether the knockdown of endogenous MEK1 and MEK2 would support this finding. To achieve this, we cotransfected HEK293 cells with siRNA targeting MEK1 or MEK2 or a combination of MEK1 and MEK2-specific siRNA together with Nox5. The inhibition of MEK1 and MEK2, both separately and together, reduced the PMA-dependent increase in superoxide production from Nox5 and the phosphorylation of ERK1/2 (Fig. 4A) . Interestingly, the combination of MEK1 and MEK2 siRNA was necessary to show a reduction in the total MEK expression using an antibody that recognizes both MEK1 and MEK2 isoforms. To show the effectiveness of MEK1 and MEK2 siRNA, we reprobed cell lysates using antibodies that selectively recognize either MEK1 or MEK2. As shown in Fig. 4 , B and C, siRNA to MEK1 and MEK2 reduced the expression of the respective isoforms.
ERK2 directly influences Nox5 activity. Thus far, our results support a role for MEK1 in regulating Nox5 activity. Therefore, our next goal was to establish whether ERK, the terminal MAPK in the MAPK signaling cascade, could directly influence Nox5 activity. To achieve this we first cotransfected COS-7 cells with Nox5 and either WT-ERK2 or a DN-ERK2 and measured Nox5-dependent superoxide production. As shown in Fig. 5A , we observed a significant increase in Nox5 activity in cells expressing the WT-ERK2, whereas the DN-ERK2 significantly reduced Nox5-dependent superoxide production in response to PMA. We also observed increased ERK1/2 phosphorylation in cells expressing the WT-ERK2, whereas the DN-ERK2 significantly reduced ERK1/2 phosphorylation (Fig. 5A, bottom) . To determine whether ERK can directly modify Nox5 activity, we next conducted an isolated Nox5 activity assay in which Nox5 was extracted from COS-7 cells expressing either Nox5 and a control cDNA (lacZ) or Nox5 and ERK2. Nox5 was then activated in the presence of a low concentration of calcium, NADPH, and FAD to produce superoxide (10, 24) . As shown in Fig. 5B , ERK2 significantly increased Nox5 activity in a cell-free system, indicating that the ability of ERK to alter Nox5 activity is likely to be a result of a direct modification to Nox5 rather than the indirect alteration of other cytoplasmic proteins or secondary changes in the levels of Nox substrates or cofactors. To determine whether the level of intracellular calcium has any role in the PMA-dependent activation of Nox5, we expressed the calcium-sensitive photoprotein aequorin in COS-7 cells and measured intracellular calcium in response to PMA or ionomycin. As shown in Fig. 5 , C and D, ionomycin triggered a robust mobilization of intracellular calcium, whereas PMA produced a very small calcium transient that was not distinguishable from the injection artifact (data not shown). This suggests that PMA-and ERK1/2-mediated activation of Nox5 occurs independently of changes in the intracellular calcium concentration.
ERK2 activates Nox5 via S498 phosphorylation. Previously, we have shown that PMA-dependent activation of Nox5 occurs via the increased phosphorylation of S498 and T494. To determine whether these residues are important in the activation of Nox5 by ERK, we expressed Nox5 S498A and T494A, which contain a mutation of the individual phosphorylation sites to the nonphosphorylatable residue alanine. We then cotransfected COS-7 cells with either WT Nox5 or the Nox5 mutants (S498A or T494A) and ERK2. As shown in Fig. 6 , A-C, the mutation of S498 to alanine virtually abolished ERK2-mediated increases in Nox5 activity, whereas the mutation of T494 to alanine had a minimal effect. The data Fig. 4 . Silencing of MEK1 and MEK2 antagonizes PMA-dependent phosphorylation of ERK1/2 and the activation of Nox5. HEK293 cells were cotransfected with HA-Nox5 and either a control (nontargeting) small interfering RNA (siRNA) or siRNA selective for MEK1 or MEK2 and a combination of both MEK1 and MEK2 siRNA, and 48 h later cells were stimulated with PMA (100 nM). A: PMA-stimulated superoxide release was monitored using L-012 and cell lysates probed for t-Nox5, combined MEK1/MEK2, p-ERK1/2, and t-ERK1/2 (bottom). B: HEK293 cells were transfected with siRNA selective for MEK1, and lysates were immunoblotted for MEK1 vs. GAPDH. C: HEK293 cells were transfected with siRNA selective for MEK2, and lysates were immunoblotted for MEK2 vs. GAPDH. Results are presented as means Ϯ SE; n ϭ 6 experiments. *P Ͻ 0.05 vs. siRNA control.
suggest that ERK2 promotes the phosphorylation of Nox5 on S498 and increases its activity.
The MEK-ERK pathway contributes to PMA-dependent superoxide production in human VSMCs. To determine the physiological significance of the MEK-ERK in a cell type that natively expresses Nox5, we next measured superoxide production in response to PMA in HAVSMCs in the presence and absence of the MEK inhibitor PD-98059. We found that the inhibition of MEK1/2 reduced the PMA-dependent superoxide production (Fig. 7A) . To determine the contribution of Nox5 to superoxide production in human aortic VSMCs, we exposed cells to the calcium chelator EGTA. As shown in Fig. 7B , EGTA significantly reduced superoxide release from VSMCs.
DISCUSSION
The major findings of this study are that the ability of PMA to stimulate increased Nox5 activity does not exclusively involve the participation of PKC isoforms. We found that the inhibition of ERK1/2 signaling using a number of complementary approaches including a pharmacological inhibitor, DN-MEK1, siRNA to MEK1, and a DN-ERK2 all reduced the ability of Nox5 to produce superoxide in response to PMA. The inhibition of ERK1/2 signaling prevented the phosphorylation of Nox5 on S498, and the mutation of this residue prevented ERK2 from stimulating Nox5 activity. Collectively, these results suggest that PKC can activate Nox5, at least in part, via the ERK2-dependent phosphorylation of S498.
The molecular regulation of Nox5 was originally thought to be unique in its simplicity and unitary dependence on intracellular calcium. This was largely based on a comparison to the more complex regulation of the other Nox isoforms that depend on the interactions of numerous subunits and phosphorylation-dependent events for superoxide generation. However, we have since found that the regulation of Nox5 is not quite as simple as first thought. The ability of PMA to increase Nox5 activity without elevating intracellular calcium led to the discovery of PMA-dependent phosphorylation and calcium sensitization. Because PMA is an established agonist for PKC activation, it was reasonable to assume that PKC might be involved in the direct phosphorylation of Nox5. Evidence to support this is derived from the ability of the pharmacological inhibitors of PKC to significantly attenuate PMA-dependent increases in the phosphorylation of Nox5 and reduce superoxide production (24, 44) . However, these inhibitors may not be entirely specific for PKC and cannot discriminate between its multiple isoforms or determine whether PKC operates through a secondary kinase cascade such as MEK/ERK to directly modulate Nox5 activity. Indeed, in our study, we found that PMA robustly stimulates the phosphorylation of ERK1/2 and that the MEK1/2 inhibitor PD-98059 and DN-MEK1 and MEK1 siRNA significantly reduce the PMA-dependent phosphorylation of S498 and the activity of Nox5. All of these findings suggest that the participation of ERK1/2 is necessary for Nox5 activation. However, we also found that a CA-MEK1 failed to activate Nox5, suggesting that this pathway, while necessary, is not sufficient to drive Nox5 activity in the absence of additional stimuli. In a previous study, we found that the ability of PMA to stimulate Nox5 activity could not be fully blocked by the mutation of a single PKC phosphorylation site and that the mutation of greater than two sites were required to fully suppress PMAstimulated activity (24) . Therefore, it is possible that the ERK1/2-dependent phosphorylation of S498 requires the cooperative phosphorylation of other sites on Nox5 to fully activate the enzyme, and this explains the inability of a CA-MEK1 to increase Nox5 activity in the absence of other stimuli. In agreement with this hypothesis, the single mutation of S498 to the nonphosphorylatable analog, alanine, nearly abolishes ERK2-dependent increases in Nox5 activity. In contrast, the mutation of T494 had a significantly reduced effect, and yet both sites are required for the PMA-dependent increase in Nox5 activity (24) . The data suggest that S498 is the primary site regulated by ERK1/2 and that its phosphorylation is necessary, but not sufficient, to elicit changes in Nox5 activity.
Previous studies have shown that MAPKs can phosphorylate the regulatory subunits of other Nox enzymes and influence ROS output (3, 14, 18, 19, 46) . The regulatory subunit p47 phox , which can influence the activities of Nox1, 2, and 3, has been shown to be phosphorylated by ERK1/2 on S345, and this modification promotes increased Nox2 activity (16) . Other Nox regulatory subunits that can be targeted by ERK include Nox organizer 1 and Nox activator 1, which regulate the activities of both Nox1 and Nox3 (30, 37) . These effects are not limited to ERK, and other MAPKs such as p38 MAPK can also influence p47 phox phosphorylation and Nox2 activity (16) . However, the direct phosphorylation of Nox enzyme units by ERK has not yet been reported, and Nox5 may be the first example of a direct regulation. In addition to COS-7 cells, we found that the superoxide release from HAVSMCs, which express Nox5 (6, 23, 25) , was also sensitive to the inhibition of MEK1/2. The ability of reduced calcium levels to suppress Nox5 activity also supports a role for Nox5 in the PMAdependent release of superoxide and is consistent with findings obtained using angiotensin II and endothelin-1 stimulation of VSMCs (36). A close relationship exists between ROS and MAPK signaling, and elevated ROS, particularly in the form of hydrogen peroxide, can promote increased ERK activity (2, 8, 22, 41, 49) . Nox-generated ROS have been shown to activate the redox-sensitive transcription factor Nrf2, which is abolished by inhibitors of ERK1/2 signaling (38) . Conversely, antioxidants have been shown to reverse ERK activation in response to growth factor signaling (15, 50) . The mechanism of ERK activation by ROS is not fully understood, but it is likely to be an indirect target of altered upstream phosphatase and kinase activity (34) .
In conclusion, the current work is, to the best of our knowledge, the first to demonstrate that MAPK signaling can directly influence the phosphorylation state of a transmembrane Nox enzyme and also that it contributes to the activation of Nox5 in response to PMA. The mechanism by which this occurs is via the increased phosphorylation of S498 and to a lesser extent the phosphorylation of T494, and these events promote greater activation of the enzyme at resting levels of calcium. The elevated production of ROS, which is known to occur in pathological states such as cardiovascular disease, may activate the MAPK/ERK1/2 pathway and thus promote Nox activation via the phosphorylation of p47 phox or through the direct phosphorylation of Nox5, leading to greater ROS production, and thus may form an aberrant feed-forward cycle that contributes to the excessive production of ROS.
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